Insulin-degrading enzyme (IDE), a Zn
1
Insulin-degrading enzyme (IDE), a Zn 21 -metalloprotease, is involved in the clearance of insulin and amyloid-b (refs 1-3). Loss-of-function mutations of IDE in rodents cause glucose intolerance and cerebral accumulation of amyloid-b, whereas enhanced IDE activity effectively reduces brain amyloid-b (refs 4-7). Here we report structures of human IDE in complex with four substrates (insulin B chain, amyloid-b peptide (1-40), amylin and glucagon). The amino-and carboxy-terminal domains of IDE (IDE-N and IDE-C, respectively) form an enclosed cage just large enough to encapsulate insulin. Extensive contacts between IDE-N and IDE-C keep the degradation chamber of IDE inaccessible to substrates. Repositioning of the IDE domains enables substrate access to the catalytic cavity. IDE uses size and charge distribution of the substrate-binding cavity selectively to entrap structurally diverse polypeptides. The enclosed substrate undergoes conformational changes to form b-sheets with two discrete regions of IDE for its degradation. Consistent with this model, mutations disrupting the contacts between IDE-N and IDE-C increase IDE catalytic activity 40-fold. The molecular basis for substrate recognition and allosteric regulation of IDE could aid in designing IDEbased therapies to control cerebral amyloid-b and blood sugar concentrations 1, 8, 9 . Insulin-degrading enzyme (IDE), originally identified by its ability to rapidly degrade insulin, is a highly conserved Zn 21 -metalloprotease found in bacteria, fungi, plants and animals 10 ( Supplementary  Fig. 1 ). In budding yeast, IDE homologues have key roles in budsite selection and mating 11, 12 . IDE is unusual in its high affinity for substrates that are highly diverse in sequence and structure 1 ( Supplementary Fig. 2 ). Furthermore, IDE has a remarkable capacity to cleave selectively some hormones without degrading related family members 1,2 ( Supplementary Fig. 2 ). Despite this high affinity, IDE cleaves its substrates several times and the recognition motifs are not obvious from the cleavages sites. The molecular basis by which IDE shows high selectivity but degenerate cleavage sites for a broad range of hormones has so far remained elusive.
To understand the substrate recognition and catalytic mechanism of IDE, we solved crystal structures of the 113-kDa human, Zn 21 -bound, catalytically inactive IDE mutant IDE-E111Q (ref. 13 ) in complex with insulin B chain at 2.25 Å resolution (Fig. 1a) , and Zn
21
-free IDE-E111Q in complex with amyloid-b peptide (Ab (1-40)), amylin and glucagon at 2.1 Å , 2.6 Å and 2.5 Å resolution, respectively (Fig. 2) . Each IDE monomer comprises four structurally homologous ab roll domains (domain 1, residues 43-285; domain 2, residues 286-515; domain 3, residues 542-768; and domain 4, residues 769-1,016), which share less than 25% sequence similarity ( Fig. 1b and Supplementary Figs 3 and 4) . The N-terminal domains 1 and 2 form a ababa sandwich (IDE-N), as do domains 3 and 4 (IDE-C) 14 .
IDE-N and IDE-C are joined by a 28-residue extended loop and form an enclosed chamber, shaped like a triangular prism, with triangular base dimensions of 35334330 Å and a height of 36 Å . This enclosed cavity has a total volume of ,1.3310 4 Å 3 , which is just large enough to encapsulate insulin A and B chains ( Fig. 1c and Supplementary Fig. 5 ). All four domains contribute surface to the internal chamber. The surface provided by IDE-N is largely neutral or negatively charged, whereas that provided by IDE-C is predominantly positively charged (Fig. 1d) . IDE domain 1 contains the catalytic site with a Zn 21 ion coordinated by two histidines (residues 108 and 112) and one glutamate (residue 189; ref. 15 and Fig. 1a , e). In our IDE structures, the general base glutamate 111 is replaced with glutamine to prevent the catalysis of substrates 13 . Two discrete segments of four sequence diverse substrates-insulin B chain, the amyloid-b peptide (Ab (1-40) ), amylin and glucagon -are clearly visible in structures of the IDE-substrate complex, and they share similar features ( Fig. 2 and Supplementary Fig. 6 ). The N-terminal 3-5 amino acids and cleavage-site-containing 7-13 amino acids of all four substrates form b-sheets with IDE strands b12 and b6, respectively (Fig. 2) . The remaining regions (55-72%) of all four substrates in our IDE-substrate complexes are disordered, even though they are present in the chamber, as verified by mass spectrometry analysis ( Supplementary Fig. 7 ). At the catalytic site, several residues of IDE domains 1 and 4 form a largely polar cavity with patches of hydrophobic and charged regions that interact with cleavage sites in all four substrates ( Fig. 2 and Supplementary Fig. 8 ). The bulky hydrophobic residues at the P1 residues of the IDE substrates interact with Phe 141 at the S1 subsite of IDE domain 1, whereas the hydrophobic residues of the P19 residues are buried deeply in the hydrophobic patch surrounding the S19 subsite of IDE domain 1. In addition, Arg 824 and Tyr 831 of IDE domain 4 form hydrogen bonds with the P1 and P19 residues of substrates. Mutations of these two residues to alanine substantially reduce the catalytic rate of IDE ( Fig. 3a and Supplementary Fig. 9 ). This is consistent with the idea that IDE-N functions as the catalytic domain, whereas IDE-C facilitates the binding of substrates 14 . The enclosed substrate-binding compartment of IDE prevents the entry and exit of substrates. Thus, IDE needs to undergo a significant conformational change from the open state, which can accept substrate, to the closed state for proper substrate recognition and catalysis. The structural comparison of substrate-bound IDE with substrate-free Escherichia coli pitrilysin (PDB accession code 1Q2L) reveals how repositioning between IDE-N and IDE-C can lead to the open state, which allows substrate to access the catalytic cavity 16 ( Fig. 3b and Supplementary Fig. 10 ). Pitrilysin shares 25% sequence identity with IDE and is arranged as two globular entities, pitrilysin-N and pitrilysin-C (Fig. 3b) IDE-N and IDE-C have extensive interactions that bury a large surface (11,496 Å 2 ) with good shape complementarity 17 (shape complementarity score50.66) and numerous hydrogen bonds (Supplementary Fig. 4e ). This leads to the prediction that, in the absence of interactions with other proteins or factors, the substrate-free IDE c state is stable and the catalytic chamber of IDE is mostly closed. To test this hypothesis, we constructed three IDE mutants carrying double cysteine mutations that could loosen the contacts between IDE-N and IDE-C, therefore promoting opening of the catalytic chamber and increasing the catalytic rate (Fig. 3d) . The two cysteine mutations are also designed to form a potential disulphide bond; thus, these mutants could be locked in the closed conformation 18 . When fluorogenic substrate V was used as a substrate, all three IDE mutants-D426C/K899C, N184C/Q828C and S132C/E817C-had 30-40-fold higher catalytic activity than did wild-type IDE in the presence of the reducing agent Tris-(2-carboxyethyl)-phosphine (TCEP; Fig. 3d ). The increased proteolytic activities of these three IDE mutants were confirmed when either insulin or the amyloid-b peptide (1-42) were used ( Supplementary Fig. 11 ). We then tested whether these IDE mutants could be inactivated in the presence of the oxidizing agent K 3 Fe(CN) 6 , which facilitates disulphide bond formation. We found that S132C/E817C and N184C/Q828C were mostly inactive in the presence of K 3 Fe(CN) 6 (Fig. 3e , f, and Supplementary Fig. 9 ). The activities of these two mutants were restored when TCEP was added (Fig. 3f) . The third pair, D426C/K899C, was not inactivated by K 3 Fe(CN) 6 , presumably owing to the lack of the formation of a disulphide bond. As a control, wild-type IDE was insensitive to the treatment of TCEP or K 3 Fe(CN) 6 (Fig. 3d and Supplementary Fig. 9 ). The oligomeric state of these three IDE mutants is similar to that of wild-type IDE, excluding the idea that a difference in oligomerization is the cause of their hyperactivity 19 ( Supplementary Fig. 12 ). The comparison of IDE-free and IDE-bound insulin B chain, Ab(1-40), amylin and glucagon reveals substantial conformational changes in IDE substrates on binding to IDE [20] [21] [22] [23] [24] [25] (Fig. 4a) . Both the N-terminal loop and the a-helical cleavage site turn into b-strands. IDE cleaves insulin B chain and amyloid-b at several sites 1, 26 . The binding of insulin B chain and Ab(1-40) to the IDE catalytic cleft positions both substrates for cleavage at known sites (Fig. 4b) . IDE also cleaves amylin and glucagon at several locations, but these sites had not previously been identified. Our matrix-assisted laser desorption-ionization time-of-flight analysis verified that the cleavage sites for amylin and glucagon do indeed correspond to degradation sites shown by the crystal structures of the IDE-substrate complex ( Fig. 4b and Supplementary Fig. 13 ).
Together, our structural and biochemical analyses reveal that at least four factors contribute to the unique mechanism of substrate recognition by IDE. Favourable binding of the substrate N terminus and cleavage sites to b-strands within IDE and proper anchoring of the cleavage site in the catalytic cleft are clearly key specific determinants. In addition, peptides that do not have significant positive charges at the C terminus and avoid the charge repulsion from IDE-C are better IDE substrates. Our IDE-substrate structures show that the C termini of insulin B chain, amyloid-b and amylin make substantial contacts with the IDE inner cavity, which is highly positively charged (Fig. 1d) . Brain natriuretic peptide, glucagon-like peptide and insulin growth factor I (IGF-I), which have many positively charged residues at their C termini, are poor substrates (Supplementary Fig. 2 ). By contrast, the related hormones atrial natriuretic peptide, glucagon and IGF-II, which lack positive charges at their C termini, are excellent IDE substrates. The fourth determining factor is size. The catalytic chamber of IDE is large enough to accommodate only relatively small peptides (estimated to be ,50 amino acids). Larger peptides such as transforming growth factor-b (TGF-b) and pro-insulin are less likely to be entrapped by IDE than the related, smaller hormones, TGF-a and insulin. Consequently, the degradation of such larger peptides is considerably slower 1 ( Supplementary  Fig. 2 ). . d, Details of the interactions of residues between IDE-N and IDE-C at three discrete locations and the catalytic activities of three IDE double cysteine mutants in the presence or absence of TCEP. e, Activities of two double cysteine mutants in the presence of TCEP or K 3 Fe(CN) 6 . f, Rescue of S132C/E817C and N184C/Q828C by TCEP. Results in e and f are the mean6s.e.m.
IDE has a unique regulatory mechanism. As an M16A member of the Zn 21 -metalloprotease family, it shares similar secondary structure and domain organization with yeast mitochondria processing peptidase (MPP), a distally related M16B member 27 ( Supplementary  Fig. 10 ). Similar to IDE, MPP also uses the exosite for substrate recognition 16, 27, 28 . The catalytic chamber of MPP stays open, however, whereas IDE has a buried catalytic site in the structure and access to this chamber is kinetically controlled by the closed-open conformational switch. IDE can also self-oligomerize and the interaction between two IDE dimers could lock IDE in the IDE c state (Supplementary Fig. 14) . This might explain how oligomerization allosterically regulates the catalytic activity of IDE 19 . Small molecules that could shift the equilibrium between IDE c and IDE o towards the open state or reduce IDE oligomerization will probably allosterically regulate the activity of IDE. Such compounds might facilitate the clearance of amyloid-b and other pathologically relevant IDE substrates.
METHODS
Protein preparation and crystallization. We purchased human insulin (RayBiotech), Ab(1-40) (Biosource), amylin (Bachem) and glucagon (Anaspec). Human IDE-E111Q and selenomethionyl-IDE-E111Q were expressed in E. coli strains Rosetta(DE3) and B834(DE3)pUBS520, respectively, at 25 uC by IPTG induction for 19 h, and purified by Ni 21 -NTA, source-Q and Superdex S-200 columns. Preformed IDE-substrate complexes isolated from S-200 columns (,15 mg ml 21 in 20 mM Tris-HCl and 50 mM NaCl; pH 8.0) in the presence of a reducing agent, 1 mM TCEP, were mixed with equal volumes of reservoir solution containing 0.1 M HEPES (pH 7.0), 12% (w/v) PEGMME-5000, 5% tacsimate and 10% dioxane. Crystals appeared after 1-3 weeks at 18 uC and were then equilibrated in cryo-protective buffer containing well buffer and 30% glycerol. IDE-substrate complex crystals belong to the space group P6 5 , with unit-cell dimensions a5b5262 Å and c590 Å , and contain a dimeric IDE-substrate complex per asymmetric unit. Structure determination. Data were collected at 14-BM-C and 19-ID stations in the Advanced Photon Source at Argonne National Laboratory and processed with HKL2000. Anomalous diffraction data were collected on crystals of the selenomethionyl-IDE-insulin-B-chain complex, and 34 out of 52 selenium sites were located by the Shake-and-Bake program. Initial phases were obtained by SAD using SHARP 29 . DM programs and phase extension were done on the Zn 21 -bound IDE-insulin-B-chain complex (Supplementary Table 1 and Fig. 15 ). AMoRe was used to obtain the initial phases of structures of Zn 21 -free IDE in complex with insulin B chain, Ab, amylin and glucagon by using the IDE-insulin B chain complex as a template. Model building and refinement of IDE-substrate complexes were done with COOT and CNS 30 . Table 2 . The electron density of the whole IDE dimer (residues 43-1,016) is clearly visible, except for a short disordered loop (residues 974-976) and the C-terminal end (residues 1,017-1,018). Only the structure of the Zn 21 -bound IDE-insulin-B-chain complex is discussed because the structure of the Zn 21 -free IDE-insulin-B-chain complex has less clear electron density for the side chains of insulin B chain at the catalytic cleft ( Supplementary Fig. 6 ) and crystals of the complex between IDE and intact insulin did not diffract well ( Supplementary Fig. 16 ). Enzymatic assay. IDE mutants were constructed with a Quik-Change kit (Biocrest Manufacturing) and purified by Ni 21 -NTA and source-Q columns. Enzyme activities were assayed by mixing 100 ml of 5 mM fluorogenic peptide substrate V (R&D Systems) in 50 mM potassium phosphate (pH 7.3) and 5 ml of IDE proteins at 37 uC at the indicated time and by monitoring fluorescence intensity on a Tecan Safire2 microplate reader at an excitation wavelength of 327 nm and an emission wavelength of 395 nm (ref. 14) . To measure the activities of two double cysteine mutants in the presence of TCEP or K 3 Fe(CN) 6 , the indicated quantities of S132C/E817C and N184C/Q828C were pre-incubated with 1 mM TCEP or 1 mM K 3 Fe(CN) 6 at room temperature for 10 and 60 min, respectively, to carry out reducing or oxidizing reactions. The fluorogenic substrate was then added and incubated at 37 uC for 30 min. To perform the rescue experiment of S132C/E817C and N184C/Q828C by TCEP, the activities of these two mutants in the presence of 1 mM K 3 Fe(CN) 6 were first measured after a 30-min incubation. TCEP was then added to a concentration of 5 mM and the activities were measured after 30 or 60 min for S132C/E817C or N184C/Q828C, respectively. 
